[1] Stationary planetary waves are excited in the midlatitudes, propagate equatorward and are absorbed in the subtropics. The impact these waves have on the tropical climate has yet to be fully unraveled. Previous work has shown that interannual variability of zonal-mean stationary eddy stress is well correlated with interannual variability in Hadley cell strength. A separate line of research has shown that changes in midlatitude planetary waves local to the Pacific strongly affect ENSO variability. Here, we show that the two phenomena are in fact closely connected. Interannual variability of wave activity flux impinging on the subtropical central Pacific affects the local Hadley cell. The associated changes in subtropical subsidence affect the surface pressure field and wind stresses, which in turn affect ENSO. As a result, a winter with an anomalously weak Hadley cell tends to be followed a year later by an El Niño event. Citation: Caballero, R., and B. T. Anderson (2009), Impact of midlatitude stationary waves on regional Hadley cells and ENSO, Geophys. Res. Lett., 36, L17704,
Introduction
[2] In the subtropical upper troposphere, the leading order zonal momentum balance is
a balance between the meridional transport of zonal-mean absolute vorticity by the Hadley cell, (f + z)v, and the eddy momentum flux convergence or Reynolds stress S, due mostly to extratropical eddies propagating equatorward. This balance suggests that extratropical eddies can play a major role in controlling the Hadley cell mass flux, as shown in a number of studies employing idealized atmospheric models [Becker et al., 1997; Becker and Schmitz, 2001; Kim and Lee, 2001; Schneider, 2005, 2006; Schneider, 2006; Schneider and Bordoni, 2008; Bordoni and Schneider, 2008] .
[3] In previous work [Caballero, 2007] , we sought observational corroboration of this idea and found that interannual variability in Northern Hemisphere winter Hadley cell mass flux is well correlated with eddy stress fluctuations, which in fact statistically explain a larger fraction of the Hadley cell variance than ENSO. We also found that stationary eddies have the dominant effect (see Section 2 below).
[4] Here, we expand on this previous work, which dealt exclusively with the zonal-mean circulation, by applying a range of diagnostic tools to elucidate the geographical structure of the fluctuations. We show (Section 3) that stationary wave-Hadley cell interactions are focused in two zonally-confined regions, one in the central Pacific and the other in the east Atlantic/North Africa. In each of these sectors, anomalously strong wave stress drives a locally enhanced Hadley cell. Interestingly, it turns out that the local Hadley cell enhancement over the Pacific also affects the phase of ENSO (Section 4). This finding connects with and sheds new light on previous work on extratropical forcing of ENSO [Vimont et al., 2003; Anderson, 2003] .
Hadley Cell Strength and Its Variability
[5] This section gives a more technical review of previous results, with the purpose of introducing key concepts and notation used in the rest of the paper. A standard measure of Hadley cell strength during December -February (DJF) is the index y N introduced by Oort and Yienger [1996] , defined as the maximum value of the seasonal-mean isobaric mass streamfunction between 0°and 30°N. Caballero [2007] computed y N using the ERA40 reanalysis product [Uppala et al., 2005] ; the resulting time series was then detrended and partitioned into two components,
where y e N is a linear regression onto the El Niño 3.4 index [Trenberth, 1997] , while y r N is an uncorrelated remainder. It was then shown that fluctuations in y r N are associated with changes in stationary eddy stress
where seasonal and zonal averages are represented by an overbar and square brackets respectively, while asterisks indicate deviations from the zonal mean. Since y r N accounts for about 75% of the total y N variance (after detrending), it was concluded that changes in stationary eddy stress exert a dominant control over interannual variability of DJF Hadley cell strength.
Wave Activity Diagnostics
[6] The chief diagnostic tool we use here is the wave activity flux F s introduced by Plumb [1985] . F s is a vector approximately parallel to the local group velocity of stationary Rossby waves, tracking their propagation from regions of wave generation (where F s diverges) to regions of dissipation (where F s converges). The propagation of Rossby waves entails a momentum flux directed opposite to the wave motion. As a result, zones of mean wave dissipation (and thus of wave activity convergence) are also regions of zonal-mean deceleration. Mathematically, the zonally averaged horizontal convergence of F s is equal to the stationary eddy stress S st .
[7] Following Caballero [2007] , we employ the ERA40 reanalysis and focus on the boreal winter season (DJF) for the years 1958 to 2001. Figure 1 shows composites of upper-tropospheric F s (computed according to Plumb [1985, equation (5.7) ]) and its horizontal convergence. Climatologically, there are three main regions of wave activity convergence in the subtropics: one over the western Pacific, another stretching from the central Pacific to North America, and a third over the eastern Atlantic and northern Africa. The west Pacific convergence region is due to absorption of strong, southward-propagating wave activity emanating from the Asian continent. The fraction of wave activity not absorbed in the western Pacific is refracted into an eastward-flowing stream centered around 20°N, which then collides with northward-flowing, cross-equatorial wave activity flux forming the strong convergence region in the eastern Pacific. A second stream of wave activity emerges from the Asian mainland at higher latitudes, which arcs across the Pacific and North America and propagates southward in the Atlantic, where it is absorbed over western North Africa.
[8] During high y r N years (Figure 1a ), the zonally-oriented wave activity stream in the subtropical Pacific is tilted equatorward, and there is wave absorption throughout the central and eastern basin. There is also strong southward wave activity flux in the Atlantic, and strong wave absorption in the subtropical Atlantic/North Africa. Conversely, in low y r N years the subtropical Pacific wave activity stream is oriented either directly eastward or even tilts northward, away from the subtropical absorption region. In the Atlantic, wave activity flux is still southward but is much weaker. The difference between high-and low-y r N years can be more clearly seen in Figure 1c , showing regressions of y r N onto wave activity flux and its horizontal convergence. Strong, southward-oriented flux anomalies are apparent in both the Pacific and Atlantic basins, accompanied by convergence anomalies in the subtropical central Pacific and North Africa. Overall, low y r N years have much weaker zonallyintegrated wave activity flux convergence in the subtropics and thus weaker S st , in agreement with Caballero [2007] .
[9] One wonders if the Pacific and African eddy stress anomalies occurs synchronously or if they are independent. To address this question, we form a Pacific eddy stress index S st-Pac by averaging the wave activity flux convergence for each season over a Pacific box (10°-20°N, 175°E -140°W), and an analogous Atlantic/North African index S st-Atl using the box 15°-25°N, 0°-40°E. The resulting indices have a Pearson correlation coefficient of 0.51, which is significant at the 99.9% level assuming no autocorrelation.
[10] Figure 2 shows a regression of y r N on seasonal-mean vertical velocity. In the zonal mean, there is enhanced sinking in the subtropics and ascent along the equator, as expected-y r N is, after all, an index of Hadley cell mass flux. However, the mass flux anomalies are far from zonally uniform. There is strong Hadley cell enhancement in the central to eastern Pacific, and more moderate enhancement over North Africa; these locations correspond closely with the regions of anomalous stationary eddy stress identified above.
[11] The picture that emerges is one of Pacific and Atlantic stationary wave anomalies that are largely synchronous and coherently affect the Hadley cell. The PacificAtlantic linkage found here is reminiscent of recent work by Strong and Magnusdottir [2008] , who find that Rossby wave breaking events in the Pacific lead to anomalous wave activity propagation across North America into the Atlantic, where they affect the phase of the North Atlantic Oscillation (NAO). This impression is further supported by a regression of y r N on seasonal-mean sea level pressure (SLP), Figure 2 , which shows a dipole signature in the North Atlantic very similar to the NAO pattern.
Relation to ENSO
[12] There is a considerable body of work [Barnett, 1985; Trenberth and Shea, 1987; Chan and Xu, 2000; Vimont et al., 2003; Anderson, 2003] documenting the impact of midlatitude variability on the tropical Pacific basin. Specifically, winter-season midlatitude atmospheric circulation anomalies force subtropical SLP and surface windstress anomalies, which in turn affect equatorial ocean-atmosphere dynamics favoring the occurrence of ENSO events a year later, thereby overcoming the ''spring predictability barrier'' associated with the evolution of ENSO-related sea surface temperatures prior to and following boreal spring [Webster and Yang, 1992] .
[13] As noted by Vimont et al. [2003] , the SLP variability in question has a spatial structure resembling the North Pacific Oscillation (NPO). Linkin and Nigam [2008] have recently emphasized the connection between the NPO and upper-level dipole anomalies, suggesting that the NPO is in fact a troposphere-filling equivalent-barotropic mode. Regression of y r N onto SLP (Figure 2) shows a north-south dipole in the Pacific which also resembles the NPO, and regression onto the upper-level streamfunction (Figure 1c) shows a coherent north-south dipole. The positive, equatorward lobe of the SLP dipole also corresponds closely with observed anomalies that precede ENSO events 12-15 months later [Anderson, 2003; Vimont et al., 2003] . Its location to the north-east of Hawaii coincides with the subsiding branch of the locally-enhanced Hadley cell (Figure 2) .
[14] To study the relationship between SLP anomalies in this region and ENSO, Anderson [2003] defined an SLP anomaly index (SLPI) as the seasonal-mean (NovemberMarch) SLP anomaly averaged over the region 150°-175°W and 10°-25°N, and showed that the SLPI is strongly anticorrelated with the January -March El Niño 3.4 index Trenberth [1997] during the winter of the following year (r = À0.62, significant at the 99% level). Here, we find that y r N is also anticorrelated with the El Niño 3.4 index a year later (r = À0.53) and is well correlated with SLPI (r = 0.67); both of these correlations are significant at the 99% level. As a result, a winter featuring anomalously strong stationary wave absorption in the central Pacific, and thus an anomalously strong local Hadley cell, will tend to be followed by a negative ENSO (i.e., La Niña) event a year later.
Summary and Discussion
[15] To summarize, we find that Hadley cell-stationary wave interaction is focused in two zonally-confined regions of the subtropics, one in the central Pacific and the other in the east Atlantic/North Africa. Anomalously strong wave stress drives locally-enhanced Hadley circulations in these two regions. These regional fluctuations are often synchronous, suggesting they are teleconnected through inter-basin wave activity flux from the Pacific to the Atlantic. In the Pacific, the subsiding branch of the locally-enhanced cell is associated with a surface pressure anomaly whose impact on surface wind stress and heat fluxes can affect the phase of ENSO a year later.
[16] Wave-mean flow interaction in the subtropical central Pacific plays the leading role in this narrative. It is therefore especially important to understand what controls the interannual changes in wave absorption observed there (Figure 1 ). We emphasize again that the main difference between years with strong and weak Hadley circulation is that the former feature strong stationary wave absorption in the central Pacific, while during the latter much of the wave activity returns to the midlatitudes without absorption. One possibility is to take a linear WKB approach and suppose that interannual fluctuations in the Rossby wave refractive index create a central Pacific reflecting surface on some years which steers wave activity emanating from the Asian continent back into midlatitudes (see, for a similar argument applied to the zonal-mean flow, Seager et al. [2003] ).
[17] To evaluated this hypothesis, we compute composites of the stationary wave number K s [Hoskins and Ambrizzi, 1993] over years with positive and negative central Pacific eddy stress anomaly S st-Pac (Figures 3a and  3b respectively) . K s plays the role of Rossby refractive index: according to WKB theory, Rossby wave group velocities will be refracted away from low K s toward high K s [Hoskins and Karoly, 1981; Hoskins and Ambrizzi, 1993] . As Figure 3 makes apparent, low K s on the equatorward flank of the Pacific jet accounts for the eastward turning of the wave activity emanating from the Asian continent; the effect is stronger for shorter wavelengths, which propagate further toward the central Pacific. Comparing Figures 3a and 3b shows very little difference in K s , which results in very similar Rossby wave rays. The wave rays follow the wave activity flux vectors quite closely in the strong absorption case, Figure 3a , suggesting that the dynamics is approximately linear in this case. On the contrary, the weak absorption case, Figure 3b , shows large discrepancies between Rossby wave rays and wave activity flux in the central Pacific, implying that the northward turning of the wave activity flux in this case is not easily explained by simple linear dynamics.
[18] An alternative possibility is that the differences in wave propagation are related to nonlinear reflection. Recent work has shown evidence for nonlinear reflection associated with Rossby wave breaking in both models and observations [Walker and Magnusdottir, 2003; Abatzoglou and Magnusdottir, 2004] . It is possible that different rates of wave breaking in different years could explain the changes in mean wave propagation seen in Figure 3 . Some support for this hypothesis is provided by the finding that reduced intra-seasonal, low-frequency variability over the central extratropical North Pacific (as represented by the variance in the daily SLP fields over 150 -175°W, 20 -45°N [see Anderson, 2007] ) is well correlated with the seasonalmean subtropical Pacific SLP signature of the intensified regional Hadley cell circulation seen in Figure 2 .
[19] Finally, we note that while we have chosen in this paper to focus on dynamical aspects, none of the results presented here excludes the possibility of diabatic heating in the tropics or subtropics playing a major role by either directly forcing Rossby waves that subsequently propagate poleward, or by modifying the subtropical flow and thus the absorption or reflection of extratropical waves at their critical latitudes. Mutually reinforcing interactions between dynamical processes and diabatic forcing, involving the coupled ocean-atmosphere system, are also conceivable. Disentangling this complex of interactions to arrive at the ultimate causes of the Hadley cell-stationary wave fluctuations documented here seems a worthwhile avenue for future work. Figure 1 . Shading shows the zonally-varying stationary wave number K s at 250 hPa, computed according to Hoskins and Ambrizzi [1993, equation (2.13) ] and smoothed with an 11-point Parzen filter. Coloured lines show ray tracing calculations starting at 40°N, 145°E, performed following Hoskins and Karoly [1981] but using the full zonally-varying K s , for zonal wavenumbers 1 (red), 2 (green), 3 (blue) and 4 (cyan). The thick black line shows the composite seasonal-mean zero wind line.
